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ABSTRACT 
During t h i s  r epor t ing  period a l a r g e  f r a c t i o n  o f  our e f f o r t s  was 
concentrated on t h e  i n v e s t i g a t i o n  of s t r u c t u r a l  damage i n  w e l l  defined 
noble metal t a r g e t  s t r u c t u r e s  due t o  low energy argon ion  bombardment. 
A mechanism o f  p re fe r r ed  nucleation of argon i n t e r s t i t i a l s  a t  l a t t i c e  
imperfect ions was discovered which i s  thought r e spons ib l e  f o r  t h e  d i s -  
i n t e g r a t i o n  o f  t a r g e t  s t r u c t u r e s  i n  p r e f e r r e d  areas. It i s  conceivable 
t h a t  t h e  same mechanism con t r ibu te s  t o  t h e  known small d i f f e rences  i n  
s p u t t e r i n g  y i e l d s  of materials o f  varying degrees of c rys t a l log raph ic  
p e r f e c t i o n  f o r  ion ene rg ie s  below 500 eV. Th i s  e f f e c t  i s  not important 
f o r  high ion  ene rg ie s  i n  conjunction with t h e  d e s t r u c t i o n  o f  metal su r faces  
by  spu t t e r ing  a t t a c k  s ince  t h e  influence of  c rys t a l log raph ic  o r i e n t a t i o n  
i s  much l a r g e r .  
F i r s t  e l e c t r o n  microscopy r e p l i c a  s t u d i e s  o f  copper cathode and 
anode e l e c t r o d e s  o f  a coax ia l  plasma gun showed only minor morphological 
su r f ace  damage af ter  s h o r t  exposures t o  a n i t rogen  discharge.  I n d i c a t i o n s  
are t h a t  chemical su r f ace  a t t a c k  - which cannot be i nves t iga t ed  properly 
by r e p l i c a  techniques - i s  predominant. 
I t  i s  proposed, t he re fo re ,  t o  concentrate  f u t u r e  s t u d i e s  on t h e  
problem of chemical a t t a c k  o f  t a r g e t  su r f aces .  Both t h i n  f i l m  t a r g e t  a5d 
b u l k  e l e c t r o d e  s t u d i e s  w i l l  be d i r ec t ed  toward t h i s  end. 
1 
I. Low Energy Argon Ion Bombardment of Thin (111)- and (100) S ing le  C r y s t a l s  
r 
Orien ta t ion  Subs t r a t e  for Intermediate  Layer of  Ag F i n a l  Layer  of Au 
of Epitaxial 
Au Targe ts  Growth Substr. Temp Depos. Rate Substr .  Temp. Depos. Rate 
0 
(111) mica 28ooc 600 i /min  350OC 1200 A/min 
( 100) NaCR 25OoC TOO A/min 25OoC TOO A/min 
Polycrys t  Bulk Ag 250°C TOO A/min 25OoC TOO A/min 
0 0 
0 0 
(e l .  pol.) 
and Po lyc rys t a l s  o f  Gold. 
1. Target  Specimen P repa ra t ion  0 
Gold t a r g e t  films amenable t o  t ransmiss ion  e l e c t r o n  microscopy s t u d i e s  
were prepared by e p i t a x i a l  vacuum depos i t ion  techniques.  
s i n g l e  c r y s t a l s  were grown on epitaxial s i l v e r  l a y e r s  on mica, t h e  (100) 
The ( 111) or ien ted  
o r i e n t e d  c r y s t a l s  on e p i t a x i a l  s i l v e r  on NaCR and the  coarse  p o l y c r y s t a l l i n e  
gold l a y e r s  on e l e c t r o l y t i c a l l y  pol ished bulk  s i l v e r  subs t r a t e s .  
r e spec t ive  s u b s t r a t e  temperatures  and depos i t ion  rates are given i n  Table 1. 
The 
These growth condi t ions  were found t o  r e s u l t  i n  t a r g e t  f i l m s  t h a t  became 
coherent  during very e a r l y  stages o f  overgrowth and, t he re fo re ,  turned out  
t o  be very uniform i n  th ickness .  
t o  permit  unambiguous i n t e r p r e t a t i o n  of d i s i n t e g r a t i o n  results. 
The uniformity i n  th i ckness  was necessary 
Figure l a  
and l b  r ep resen t  r e spec t ive  examples of  p o l y c r y s t a l l i n e  gold f i l m s :  
grown on quar tz  a t  e leva ted  subs t r a t e  temperatures  and shows many s m a l l  
g r a i n s  s t i l l  separated by occasional  ho le s  i n  t h e  f i l m  while l b  w a s  grown 
according t o  Table 1 and shows l a r g e r  g r a i n s  and i s  uniform i n  th ickness .  
l a  w a s  
0 
The high  degree of  s i n g l e  c r y s t a l l i n i t y  of  t h e  t a r g e t  f i lms  i s  de- 
monstrated by Fig. 2, a n  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  of a (111) or ien ted  
gold t a r g e t .  
. 
c 
2. Radiat ion Damage and Etching 
0 0 
Gold t a r g e t  f i l m s  of  600 A t o  TOO A th i ckness  were subjected t o  bombard- 
ment with Ar' i o n s  of  ene rg ie s  ranging from 100 eV t o  500 eV.  Since, however, 
t h e  observed r a d i a t i o n  damage e f f e c t s  were e s s e n t i a l l y  independent o f  i o n  
energy and it was not  t h e  purpose o f  t h i s  work t o  measure s p u t t e r i n g  y i e l d s  
q u a n t i t a t i v e l y  a l l  o f  the work reported was c a r r i e d  ou t  a t  500 eV.  
i r r a d i a t i o n  times ranged from 5 min t o  20 min, mostly around 10 min, b u t  t h e  
t i m e  o f  bombardment i s  not an important parameter i n  t h e s e  s t u d i e s  because 
The 
o f  t h e  appreciable  d i f f e r e n c e s  of i o n  beam d e n s i t i e s  within t h e  t a r g e t  area. 
The F i g . ' s  3a, 3b, and 3c show r a d i a t i o n  damage e f f e c t s  i n  (ill), (100) 
and p o l y c r y s t a l l i n e  Au t a r g e t s  as revealed by t ransmission e l e c t r o n  micro- 
scopy techniques.  For reasons of comparison Fig. 3d i s  added i n  which most 
of  t h e  damage seen i n  t h e  form of dark d o t s  and s h o r t  dark d i s l o c a t i o n  l i n e s  
was removed by subsequent h e a t  treatment.  
The na tu re  of t h i s  type o f  r a d i a t i o n  damage w a s  s tud ied  i n  d e t a i l  by 
other* and defined as i n t e r s t i t i a l  p o i n t  d e f e c t  c l u s t e r s  and subsurface 
d i s l o c a t i o n s .  
of  about 100 A ( f o r  500 eV Ar+ ions)  and formed by d i r e c t  impingement of  
replacement sequences aided by l o c a l  thermal a c t i v a t i o n  from displacement spikes  
The damage i s  loca l i zed  a t  t h e  su r face  o f  t h e  t a r g e t  t o  a depth 
0 
i n  t h e  gold l a t t i c e .  It i s  p l aus ib l e  t o  assume t h a t  a slow s i n g l e  i n t e r s t i t i a l  
i s  c rea t ed  during bombardment with an energy o f  migration not less than 
0.7 eV. 
I n  t a r g e t  areas where t h e  impinging Ar' i on  flux w a s  higher,  however, 
A s  a the s t r u c t u r e  of the A u  t a r g e t s  i s  q u i t e  d i f f e r e n t  ( F i g . ' s  4a, 4b). 
*J. A. Venables, R .  W. Baluff i ,  Ph i l .  Mag. - 11, (1965), 1021. 
P. Bowden, D. G. Brandon, Phi l .  Mag. 2, (1963), 935. 
3 
result of t h e  high i r r a d i a t i o n  dose i n  these  areas holes  are etched i n t o  
t h e  t a r g e t  t h e  th ree - fo ld  ( f o r  (111) o r i e n t a t i o n )  o r  four-fold ( f o r  
(100) o r i e n t a t i o n )  symmetry of which i s  d i r e c t l y  r e l a t e d  t o  t h e  
c rys t a l log raph ic  s t r u c t u r e  o f  t he  t a r g e t  f i l m .  
t h a t  t he  predominant l a t t i c e  defec ts  v i s i b l e  i n  t h e s e  micrographs, 
namely microtwins, s tack ing  faults and coherent twin boundaries, extend 
along d i r e c t i o n s  which are p a r a l l e l  t o  t h e  edges of  t h e  holes.  
behavior  s h a l l  be explained l a t e r  i n  terms of  p re fe r r ed  nucleat ion of  
argon i n t e r s t i t i a l s  a t  these  l a t t i c e  de fec t s .  
3. 
It w i l l  a l s o  be noted 
This 
Heat Treatment of  Target Fo i l s  after Bombardment 
The use o f  an e l e c t r o n  microscope specimen hea t ing  s tage i n  con- 
nec t ion  with t h e  ion  gun permits  hea t  t reatment  o f  t h e  t a r g e t  specimens 
immediately after bombardment and observat ion of r e spec t ive  changes i n  t h e  
specimen microstructure .  With the he lp  of  t h i s  technique t i n y  round and 
b r i g h t  spots  were found t o  appear i n  t h e  t a r g e t  s t r u c t u r e .  They grow i n  
s i z e  during anneal ing times of  30 min and longer.  
been observed before* and are i d e n t i f i e d  as micro argon gas  bubbles formed 
by t h e  c l u s t e r i n g  of i n j e c t e d  argon i n t e r s t A t i a l s  vhich become mobile a t  
e leva ted  t a r g e t  temperatures ( 350 C anneal ing temperature) .  
S imi la r  f e a t u r e s  had 
0 
The important new f e a t u r e  observed on these  argon c l u s t e r s  i s  t h e i r  
p re fe r r ed  p r e c i p i t a t i o n  a t  coherent twin boundaries, microtwins, g r a i n  
boundaries,  and d i s loca t ions .  
o r i e n t a t i o n ) ,  Fig,  5b (polycrys t .  Au f i l m )  and Fig. 5c which i s  a h igher  
magnif icat ion of 5a. 
This i s  demonstrated by Fig. 5a (111)- 
A s i m i l a r  behavior i s  observed i n  (100) f i lms.  
*R. S. Nelson, P h i l  Mag. 10, (1964), 343. 
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This result can be explained i n  terms o f  heterogeneous nucleat ion 
theo ry  concepts. Here a f u r t h e r  free energy term i s  introduced - i n  
a d d i t i o n  t o  t h e  thermodynamic d r iv ing  fo rce  f o r  homogeneous nuc lea t ion  - 
which stems from s t r a i n  energy release a t  l a t t i c e  d i s to r t ions .*  Conse- 
quently,  l a t t i c e  d e f e c t s  and g ra in  boundaries w i l l  be l o c a t i o n s  o f  pre- 
f e r r e d  nuc lea t ion  and s ince  t h e  d i f f u s i o n  of  argon i n t e r s t i t i a l s  i s  
thought t o  be con t ro l l ed  by t h e  d i f f u s i o n  of l a t t i c e  vacancies t h e  pre-  
f e r r e d  nuc lea t ion  of  argon i n t e r s t i t i a l s  i s  a l s o  a n  i n d i c a t i o n  of  t h e  
nuc lea t ion  behavior o f  vacancies. Our results are, the re fo re ,  i n  good 
agreement with r e l a t e d  work on the  p r e c i p i t a t i o n  o f  vacancies a t  g r a i n  
boundaries. 
4. Spu t t e r ing  Yield Considerations 
I n  applying t h i s  mechanism of p re fe r r ed  nuc lea t ion  of  i n j e c t e d  gas  
i n t e r s t i t i a l s  a t  l a t t i c e  d e f e c t  s i tes  t o  t h e  problem of  d i s i n t e g r a t i o n  of 
metal t a r g e t s  by s p u t t e r i n g  a t t a c k  one cannot escape t h e  conclusion t h a t  
these l a t t i c e  de fec t  s i tes  should a l s o  be l o c a t i o n s  for p r e f e r r e d  s p u t t e r i n g  
a t t a c k .  This i s  demonstrated i n  a s t r i k i n g  way by t h e  formation of  ho le s  
o f  w e l l  defined shape by i o n  bombardment (see Fig. ' s  4a and 4b) and by 
p r e f e r r e d  g r a i n  boundary a t t a c k  i n  p o l y c r y s t a l  gold, Fig. 4c. 
however, t h i s  e f f e c t  i s  l a r g e  enough t o  inf luence t h e  macroscopic 
s p u t t e r i n g  y i e l d  of bulk metal t a r g e t s  - evefitually by secondary e f f e c t s  
o f  increased ang le  of i on  incidence a t  p re fe rab ly  etched l o c a t i o n s  - 
cannot be a s ses sed  with t h e  present  experimental  technique. 
ce ivab le  that the appreciable  d i f f e rences  i n  t h e  s p u t t e r i n g  y i e l d  o f  poly- 
c r y s t a l s  a t  low i on  ene rg ie s  might be explained i n  t h i s  way (see Fig. 6).  
For h igh  ion  ene rg ie s  the d i f f e rences  i n  s p u t t e r i n g  y i e l d  as a M e t i o n  of 
Whether, 
It i s  con- 
*J. W. Cahn, ACTA METALL., 2, 
5 
' 0  
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  are  so predominant? (see Fig.  7)  t h a t  a 
s i g n i f i c a n t  inf luence of t h e  microstructure  i s  very un l ike ly .  
I n  o r d e r  t o  demonstrate these considerat ions g r a p h i c a l l y  a r e c e n t l y  
published compilation of spu t t e r ing  y i e l d  d a t a  i s  given i n  Fig.  6 and 
Fig.  7.** Although t h e  d a t a  of Fig. 6 and Fig. 7 apply t o  copper t h e  
gene ra l  t r e n d  of t h e  spu t t e r ing  y i e l d s  should a l s o  hold f o r  gold, another  
f .c.c.  c r y s t a l .  The graphs show very c l e a r l y  t h e  wide spread i n  s p u t t e r i n g  
y i e l d s  f o r  p o l y c r y s t a l l i n e  t a r g e t s  a t  low and high ene rg ie s  and t h e  
apprec i ab le  d i f f e r e n c e s  i n 5  s ing le  c r y s t a l  y i e l d s  as a func t ion  o f  o r i e n t a -  
t i o n  f o r  i o n  ene rg ie s  higher  than 500 eV. 
We have v e r i f i e d  t h e  f a c t  t h a t  i n  t h e  energy range from 100 e V  t o  
500 eV t h e  s p u t t e r i n g  y i e l d  d i f f e rences  f o r  gold as a func t ion  o f  c r y s t a l l o -  
graphic  o r i e n t a t i o n  are very small: 
(a)  Separate  s i n g l e  c r y s t a l  gold f i l m s  of  (111) - and (100) - or i en ta -  
t i o n  were bombarded with 500 eV argon ions  f o r  t h e  same l eng th  of  
t i m e  and t h e i r  thicknesses  before  and a f t e r  bombardment were 
measured by transmission e l e c t r o n  microscopy techniques; ( t h e  
wid.l-pL of -- ~ ~ L c ~ u ~ w m s  --*-'---. - v i s i b l e  as dark bands i n  t h e  micrographs - 
are a d i r e c t  measure fo r  t h e  f i l m  thickness  i f  t h e  c rys t a l log raph ic  
o r i e n t a t i o n  of t h e  f i l m  p lane i s  known). 
d e n s i t i e s  i n  small t a r g e t  areas cannot be  measured with s u f f i c i e n t  
accuracy it w a s  impossible to determine abso lu te  s p u t t e r i n g  y i e l d s  
i n  t h i s  way, b u t  r e l a t i v e  values  were determined: 
Spu t t e r ing  y i e l d  (100) - gold 
Spu t t e r ing  y i e l d  (111) - gold 
Since t h e  ion cu r ren t  
= 87% 
- 
*G-  D. Magnuson, C. E. Carlston, J. Appl. Phys. 3, (1963), 3267. 
A. L. Southern, W. R. Will is ,  M. T. Robinson, J. Appl. Phys. 3, (1963), 153. 
**E. J. Zdanuk, S. P. Wolsky, J. Appl. Phys. - 36, (1965), 1683. 
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I. 
( b )  The unce r t a in ty  concerning i o n  cu r ren t  dens i ty  v a r i a t i o n s  over  
small t a r g e t  areas can be el iminated i f  th i ckness  v a r i a t i o n s  
due t o  s p u t t e r i n g  a r e  measured i n  ad jacen t  microscopically small 
gold g r a i n s  of (100) - and (111) - o r i e n t a t i o n .  Such g r a i n s  were 
found i n  ou r  p o l y c r y s t a l l i n e  gold films and t h e  result  f o r  500 e V  
ion energy w a s  again: 
Spu t t e r ing  y i e l d  (100) - gold 
Spu t t e r ing  y i e l d  (111) - gold 
= 9% 
( e )  Because o f  t h e  small differences i n  spu t t e r ing  y i e l d s  a t  low 
ion  ene rg ie s  f o r  (100) - and (111) - gold g r a i n s  it was not 
s u r p r i s i n g  t o  f i n d  t h a t  i n  none o f  o u r  p o l y c r y s t a l l i n e  t a r g e t s  
bombarded almost t o  des t ruc t ion  with ene rg ie s  from 100 eV t o  
500 eV there was any sign of  apprec i ab le  p re fe r r ed  etching of  
whole g r a i n s  of a c e r t a i n  c r y s t a l l o g r a p h i c  o r i e n t a t i o n .  This  
included o r i e n t a t i o n s  other than  (100) and (111). 
One, t he re fo re ,  has  t o  conclude from t h e s e  experiments t h a t  f o r  ion 
e n e r g i e s  lower than  500 eV and f.c.c. metals t h e  inf luence of  c r y s t a l l o -  
g raph ic  o r i en t>a t ion  on dishtegi%tiOKl of p o l y c r y s t a l  metal t a r g e t s  i s  
n e g l i g i b l e  for p r a c t i c a l  purposes. I n d i c a t i o n s  are t h a t  a l s o  i n  t h e  low 
i o n  energy region d i s t o r t e d  l a t t i c e  si tes ( g r a i n  boundaries i n  p a r t i c u l a r )  
f a v o r  l o c a l i z e d  d i s i n t e g r a t i o n  of metal t a r g e t  surfaces .  
11. I n v e s t i g a t i o n  o f  Bulk Electrode Surfaces 
The su r face  s t r u c t u r e  of t h e  copper anode and cathode of  a c o a x i a l  
plasma gun (1.5'' I.D., 5" O.D., 5.5 cm l eng th )  o f  Dr. A. V. Larson 's  
Plasma Propulsion Group a t  General Dynamics/Convair was s tudied by r e p l i c a  
e l e c t r o n  microscopy. The gun (pulse  l i n e  t o t a l  capacitance: 184 kf, 
7 
charging vol tage:  I k V ,  pu lse  time: few psec, p rope l lan t :  ni t rogen,  pro-  
p e l l a n t  dens i ty  a t  moment of discharge: 
t imes before  v i s i b l e  de t e r io ra t ion  of t h e  e l ec t rode  sur faces  i n i t i a t e d .  
A t  t h i s  po in t  t h e  e l ec t rode  surfaces  were r ep l i ca t ed .  
3 l0l6 par t ic le /cm ) w a s  f i r e d  67 
Figure 8 i s  a l a r g e  area low magnif icat ion l i g h t  microscope p i c t u r e  
of t h e  cathode sur face  showing d e f i n i t e  l o c a l i z e d  discharge p a t t e r n s  
s t reaked i n  t h e  d i r e c t i o n  o f  gas flow. From p i c t u r e s  of  t h i s  type and 
from t h e  amount of  v i s i b l e  surface de t e r io ra t ion ,  it w a s  expected t o  f ind  
r a t h e r  rough sur face  s t r u c t u r e s  with higher  r e so lu t ion  micrographs. However, 
t h i s  w a s  not  t h e  case, as documented by t h e  e l e c t r o n  micrographs of Figs.  
9a and 9b. The s u r p r i s i n g l y  small degree of sur face  roughness w a s  p r a c t i -  
c a l l y  i d e n t i c a l  i n  na ture  f o r  both anode and cathode e l ec t rode  sur faces .  
Although t h e r e  i s  much room f o r  specula t ion  as t o  t h e  nature  of t h e  sur face  
processes  which could cause morphological changes of  t h i s  s o r t  i nd ica t ions  
are t h a t  chemical sur face  a t t a c k  r a t h e r  than  s p u t t e r i n g  e f f e c t s  are t o  be 
he ld  responsible  f o r  t h e  observed surface damage. 
be  concentrated i n  t h i s  area. 
Future  work w i l l  have t o  
111. Proposed Future  S tudies  
The quest ion o f  poss ib l e  chemical a t t a c k  of  copper e lec t rode  su r faces  
i n  high energy dens i ty  n i t rogen  discharges needs c l a r i f i c a t i o n  and c u r r e n t l y  
used r e p l i c a e l e c t r o n  microscopy methods are inadequate f o r  t h i s  purpose. 
It is, therefore ,  proposed t o  conduct t h e  following s tudies :  
(a) Inves t iga t ion  of t h e  surface s t r u c t u r e  and chemical composition 
of  s m a l l  samples of  bulk discharge e l ec t rodes  by  r e f l ex ion  
e l e c t r o n  d i f f r a c t i o n  and e l e c t r o n  microprobe methods. 
Nitrogen ion  bombardment of t h i n  f i l m  copper t a r g e t s  i n s i d e  ( b )  
t h e  e l ec t rode  microscope and eva lua t ion  of  r e s u l t s  by t ransmiss ion  
e l e c t r o n  microscopy and d i f f r a c t i o n  techniques.  
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I l l u s t r a t i o n s  
Figure No. 
la. Po lyc rys t a l l i ne  gold t a r g e t  f i l m  grown on quartz ,  65000 X. 
l b .  P o l y c r y s t a l l i n e  gold t a r g e t  f i l m  grown on bu lk  s i l v e r ,  65000 X. 
2. Transmission e l e c t r o n  d i f f r a c t i o n  p a t t e r n  of  s i n g l e  c r y s t a l  ( 111) - 
gold f i l m .  
3. Ion  r a d i a t i o n  damage i n  (a)  (111) - Au, l 3 O O O O  X, ( b )  (100) - Au, 
130000 X, ( e )  po lyc rys t a l l i ne  AU, 65000 X. 
Radiat ion damage removed from (111) - Au t a r g e t  by 350'~ anneal 
a f t e r  i o n  bombardment, l 3 O O O O  X. 
3d. 
4. Holes e tched i n t o  t a r g e t  f i l m s  by ex tens ive  argon ion bombardment, 
( a )  (111) - Au, l 3 O O O O  X; ( b )  (100) - Au, l 3 O O O O  X. 
4c. Prefer red  g r a i n  boundary a t t a c k  i n  p o l y c r y s t a l l i n e  gold, 65000 X. 
5. Prefer red  nuc lea t ion  of  argon i n t e r s t i t i a l s  a t  l a t t i c e  de fec t s  i n  
(a) (111) - Au, 65000 X, ( b )  p o l y c r y s t a l l i n e  Au, l 3 O O O O  X, ( e )  (111) 
Au, 360000 X. 
6. LOW energy argon i o n  spu t t e r ing  y i e l d s  f o r  s i n g l e  c r y s t a l  and 
p o l y c r y s t a l  copper (af ter  Zdanuk and Wolsky) . 
7. High energy argon ion  spu t t e r ing  y i e l d s  f o r  s i n g l e  c r y s t a l  and 
p o l y c r y s t a l  copper (af ter  Zdanuk and Wolsky) . 
Light  micrograph of  bu lk  copper cathode su r face  a f t e r  67 discharges, 8. 
150 x. 
9. Repl ica  e l e c t r o n  micrographs of bulk  copper e l e c t r o d e s  a f t e r  67 
discharges,  (a)  15000 X, (b )  33000 X. 
9 
L i s t  of Man Hours Worked During t h e  Reporting Period 
During t h e  second three  months of work on NASA cont rac t  No. NASW-1103 
t h e  following man hours were charged: 
Technician 400 hours 
S t a f f  S c i e n t i s t  400 hours 
San Diego, Calif. 
August 8, 1965 
,> 
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Helmut Poppa 
P r inc ipa l  Inves t iga tor  
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